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I n t roduc t i on  

The chemical reac t i on  between coal char and steam t o  produce synthesis gas, CO and 
Hp, i s  wel l  known. These products can be used d i r e c t l y  as low-heating-value gas or  as  
Precursors f o r  t he  c a t a l y t i c  synthesis o f  methanol and ammonia, oxo canpounds, methane 
and petroleun subs t i tu tes .  More recent ly ,  however, i n t e r e s t  has centered on producing 
t h e  gas f o r  i t s  hydrogen content. 

The r a t e  o f  t he  reac t ion  i n v o l v i n g  char and steam i s  increased markedly by the  use 
o f  ca ta lys ts ,  p a r t i c u l a r l y  a l k a l i  metal compounds (L-A). Potassium carbonate, which i s  
canmonly recognized as the  best a l k a l i  ca ta l ys t  f o r  t h i s  reac t i on  ( 4 ) ,  was chosen as 
t h e  ca ta l ys t  t o  use i n  examining the  g a s i f i c a t i o n  of chars prepared f r a n  Ind ian  Head 
and Velva North Dakota l i g n i t e s ,  and Wyodak Wyoming subbituminous coal. These th ree  
low-rank coals were converted t o  chars and then reacted w i t h  steam a t  700°, 750' and 
800'C bo th  w i th  and w i thout  K C03 ca ta lys t .  The course o f  t he  reac t ion  was fol lowed by  
thennogravimetr ic ana lys is  (TZA). Sodium carbonate was a lso  used t o  ca ta lyze  the  Velva 
and Indian Head char-steam react ions.  Sod im carbonate i s  a l ess  expensive mater ia l  
than K2CO3 and, i f  shown t o  be an e f f e c t i v e  c a t a l y s t  i n  place o f  K2CO3. cou ld  reduce 
considerably the  cost o f  t he  conversion process. 

This paper repor ts  the  apparent Arrhenius energies o f  a c t i v a t i o n  (Ea) and pre- 
exponential f ac to rs  (A) f o r  t he  steam g a s i f i c a t i o n  o f  t h e  uncatalyzed and K2C03 - 
catalyzed Velva, I nd ian  Head, and Wyodak coal chars, and the  Na2C03-catalyzed Velva and 
Indian Head coal chars. 

Experi.emta1 

The th ree  low-rank coals and t h e i r  composition are  shown i n  Table I. Table I 1  
shows the  experiment matr ix.  Each coal was ground t o  100 x 140 mesh and a po r t i on  o f  
t h e  ground coal was mixed in t ima te l y  w i th  10 w t %  d r y  K2C03 o r  Na2C03 f o r  the  c a t a l y s t  
tes ts .  The coals i n  bo th  the  uncatalyzed and catalyzed form were d e v o l a t i l i z e d  and 
then reacted w i t h  steam i n  a Ou Pont 951 Theno-gravimetr ic Analyzer (TGA) i n te r faced  
w i th  a Ou Pont 1090 Thermal Analyzer. The d e v o l a t i l i z a t i o n  removed the  moisture and 
the  v o l a t i l e  mat te r  f r a n  the  coal and produced the  char containing the  ac t i ve  f i xed  
carbon f o r  the  steam-carbon react ion.  

(a )  oevo la t i l i za t i on .  
Approximately 20 mg o f  uncatalyzed o r  catalyzed coal was loaded on the  sample pan 

o f  the thermogravimetric analyzer. A f low of  275 mg/min Argon was passed through t h e  
reac t i on  chamber dur ing  the  d e v o l a t i l i z a t i o n  of t he  coal. The sample was heated a t  
100'C/min t o  one o f  th ree  temperatures, 700'. 750', o r  800°C. A f t e r  t he  t a r g e t  
temperature was achieved, isothermal heat ing a t  t h a t  tanperature was continued u n t i l  a t  
l e a s t  15 minutes t o t a l  t i m e  had elapsed. The r e s u l t l n g  char was he ld  under f low ing  
argon without coo l ing  u n t i l  t he  char-steam reac t i on  was i n i t i a t e d .  

The hydrogen can be p u r i f i e d  f o r  use as a fue l .  
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( b )  Char-Steam React ion. 
Steam was introduced through a s ide-am o f  t he  quartz furnace tube a t  a r a t e  o f  1-6 

mglmin. The argon f l o w  was reduced t o  100 mg/min dur ing  the  steam react ion.  As t he  
reac t ion  proceeded, t h e  l oss  o f  weight was recorded a t  t he  r a t e  o f  one data po in t  every 
t w o  seconds u n t i l  t h e  char reached constant weight. The r a t e  parameter, k, was 
ca lcu la ted  fran t h e  da ta  obtained and t h e  energy o f  a c t i v a t i o n  ( E a )  was ca lcu la ted  from 
the p lo ts  o f  I n  k verses l / T  f o r  t he  th ree  reac t i on  temperatures. 

Table I. Low-Rank Coal Composition. 

Proximate Analysis (AR) wt%: 
Moisture 
V o l a t i l e  Matter 
Fixed Carbon 
Ash 

Carbon 
Hydrogen 
N i t rogen 
Oxygen (by d i f f )  
Sul f ur  

U l t imate  Ana lys is  (MAF) w t % :  

Ash Analysis (&% of  ash): 
Si00 

MgO 
Na20 

Ind ian  Head Vel va Wyodak 

36.62 
26.07 
30.50 
6.81 

70.4 
5.45 
1.40 

1.04 
21.7 

26.25 
10.73 
14.03 
0.53 
0.42 

15.95 
4.88 
7.97 

38.8 
25.3 
29.0 
6.9 

70.4 
5.30 
1.40 

0.60 
22.3 

19.6 
12.7 

5.8 
0.40 
0.60 

36.0 
10.20 
2.10 

30.99 
30.43 
32.96 
5.62 

73.7 
5.38 
1.22 

0.53 
19.1 

28.0 
15.0 
4.30 
1.20 
1.50 

6.60 
1.60 

21.7 

Table 11. Reaction o f  Devo la t i l i zed  Coal Char With and Without 10 w t %  Catalyst .  

Reaction Temp., "C 700 7 50 800 
Catalyst  l o n e  K2CO3 Na2C03 None KZCO3 Na2C03 None K2C03 Na2C03 

Coal Reacted: 

Indian Head X X X X X X x x x  
Vel va X X X X X X x x x  
Wyodak X X X X x x  
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Results and Discussion 

Pre l im inary  experiments were conducted t o  determi ne optimum operat ing parameters 
fo r  t he  reac t ion  on the  TGA. It was determined t h a t  a catalyzed o r  uncatalyzed low 
rank coal  sample s ize  o f  -20 mg produced a sa t i s fac to ry  quan t i t y  and q u a l i t y  o f  char 
when d e v o l a t i l  ized according t o  the  procedure discussed previously.  The devola- 
t i l i z a t i o n  appeared t o  be complete a f t e r  about ten  minutes. The temperature was 
maintained f o r  a minimun o f  an add i t iona l  f i v e  minutes t o  ensure un i fo rm i t y  i n  ca r ry ing  
ou t  t he  d e v o l a t i l i z a t i o n  step. The char was held a t  t h a t  temperature and the s t e m  
flow was started. Steam f l o w  ra tes  o f  0.5 t o  200 mg/min were inves t iga ted  i n  
p re l im inary  experiments t o  a l low se lec t ion  o f  a su i tab le  rate.  The f l ow  ra te ,  
optimized a t  1-6 mg/min, suppl ied steam a t  a r a t e  s u f f i c i e n t  t o  feed the  reac t ion  
wi thout showing signs o f  d i f f u s i o n  l i m i t a t i o n  and w i thout  causing condensation bui ld-up 
on the  cool pa r t s  o f  t he  balance. When excess steam f l o w  caused condensation t o  
c o l l e c t  on the unheated pa r t s  o f  t he  balance ann o r  on the  e l e c t r i c a l  con tac ts  o f  the 
balance o r  thermocouple, t he  instrument response became e r ra t i c .  

When the  optimum reac t ion  cond i t ions  had been determined, a l l  experiments were run 
i v  a t  l eas t  dup l i ca te  with exce l len t  rep roduc ib i l i t y ,  and r e a c t i v i t y  parameters were 
averaged f o r  use i n  ca l cu la t i ng  Ea and A. Since, i n  some experiments up t o  10 % o f  the  
ca lcu la ted  weight o f  t he  f i xed  carbon d i d  not reac t ,  90% conversion was considered 
complete f o r  i n te rp re t i ng  data shown i n  F igure  1 and 2. 

The react ions between uncatalyzed coal char and steam fo r  each of t he  th ree  coa ls  
when ca r r i ed  ou t  a t  750OC. showed t h a t  90% conversion o f  char ( f i x e d  carbon) was most 
rap id  i n  the  Velva l i g n i t e  (Figure 1). Ninety percent o f  Ind ian  Head and Wyodak char 
conven ion  occured a t  slower rates,  w i th  Wyodak being the  slower as expected because o f  
i t s  h igher  rank (5). 

Loading o f  1 6 - w t %  K2CO3 c a t a l y s t  gave the  data p lo t ted  i n  F igu re  2. Velva l i g n i t e  
chars achieved 90% conversion much more rap id l y  than any o f  t he  o ther  chars tested. 

The ca ta l ys t  loading o f  10 w t %  NaZCO on Ind ian  Head and Velva l i g n i t e s  was 
inves t iga ted  and compared w i th  the  resu l t s  &om K2CO3 c a t a l y s i s  (Figures 3 and 4). The 
c a t a l y t i c  e f f e c t  o f  10 wt'X Nd?CD3 was near ly  i den t i ca l  on a weight-to-weight basis t o  
tha t  o f  t he  K CO up t o  90% cc%version f o r  t h e  Velva coal. It appeared t o  be s l i g h t l y  
b e t t e r  than lzCd3 on a weight-to-weight basis f o r  ca ta lyz ing  the  Ind ian  Head char 
reaction. On a molar basis, however, KzCO3 was b e t t e r  f o r  ca ta l ys i s  of bo th  coal  
chars. 

Uncatalyzed and KpCO~-catalyzed coal  char-steam reac t ions  were a lso  ca r r i ed  ou t  a t  
700' and 800'C a t  t h e  1 % ca ta l ys t  loading. Mahajan. et .  al.. determined t h a t  a very 
useful parameter f o r  co r re la t i ng  char r e a c t i v i t y  data i s  the  t ime needed t o  reach a 
f rac t iona l  burn-o f f  o f  50% o f  the  char (7). The r e a c t i v i t y  parameter, K, was 
ca lcu la ted  f ran  the  conversion r a t e  data a t  700°, 750'. and 800°C based on weight o f  
char sample reacted a t  50% o f  f i x e d  carbon versus time. Arrhenius p l o t s  o f  I n  k 
versus 1/T were prepared (6). and Ea was ca lcu la ted  fran the  slope o f  the l i n e ,  an8.2 
was determined f r a n  the  Y- intercept (Figures 5, 6, and 7). These values are l i s t e d  i n  
Table 111. For chars fran Velva, Ind ian  Head and Wyodak low-rank coals, the add i t i on  
o f  K CO decreased the  apparent Ea by as much as 60% t h a t  of t he  uncatalyzed coal  
char! ?or  equal w t %  c a t a l y s t  loading Na2C03 was found t o  be a t  l e i s t  as e f f e c t i v e  as 
K2C03 i n  ca ta lyz ing  t h e  Velva and Indian Head char conversion. On a molar bas i s  
however the  sodium c a t a l y s t  would conta in  1.30 t imes as many metal ca t ions  as the  
potassiun ca ta l ys t  when the  coals are loaded w i th  equal weights o f  the  two  ca ta lys ts .  
Although the  NazC03 may not be as ac t ive  atom f o r  atom as ic2CO3. i t  was as e f f e c t i v e  i n  
lowering the apparent energy o f  ac t i va t i on  o f  t he  t w D  l i g n i t e s  on a weight- for-weight 
bas is  and i s  much less expensive. 

t 
, 
I 
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Table 111. The Apparent Energies of Ac t i va t i on  and Pre-exponential Factors Calculated 
from Arrhenius P l o t s  a t  0.5 o f  Fixed Carbon. 

Ind ian  Head Vel va Wyodak 
A - Ea - Ea* - A* * - Ea - A -  

As-received , 28.8 1 . 7 8 ~ 1 0 ~  29.8 4 . 1 1 ~ 1 0 ~  31.8 7 .67x106 

K2CO3 catalyzed 18.4 4 . 2 6 ~ 1 0 ~  11.5 1 . 8 5 ~ 1 0 ~  21.1 1 . 8 6 ~ 1 0 ~  

Na2C03 catalyzed 15.9 1 . 3 1 ~ 1 0 ~  11.9 2 . 2 5 ~ 1 0 ~  -- -- 

* Kcal/mole f i x e d  carbon 
** / h r  

A few selected examples o f  apparent energies o f  a c t i v a t i o n  fran recent l i t e r a t u r e  
are shown i n  Table I V .  Serageldin and Pan have suggested t h a t  the apparent energies o f  
a c t i v a t i o n  f o r  the  decomposition o f  coal change w i th  operat ing cond i t ions  i nd i ca t i ng  
tha t  more than one mechanist ic rou te  i s  ava i l ab le  (1). The data i n  Tables 111 and I V  
suggest t ha t  a l though coal rank i s  a f a c t o r  i n  determining t h e  r e a c t i v i t y  o f  coal char 
and consequently EA o ther  fac to rs  such as t ime and temperature invo lved i n  char 
preparat ion,  t he  quan t i t y  and type o f  mineral  mater ia l  i n  the  coal, the  gas content and 
composition as we l l  as type  and amount o f  ca ta l ys t  have an e f fec t  on the  value o f  EA 
and A (1,  2, 8-10). 

Table I V .  Selected L i t e r a t u r e  Values o f  Apparent Energies o f  Ac t iva t ion .  

Temp. 
Coal - Rank Atmosphere Cata lys t  Loadinp Range (K) & 

I l l i n o i s  No.6 B i t  He/Steam 5% Na (as Na2CO ) 873-1023 30.5 8 
He/Steam 10% Na (as NaZCd3) 873-1023 24.5 8 

Wyodak Subb i t  Heisteam 5% K (as  K CO ) 873-973 44.8 1 
He/Steam 10% K (as i2Cd3) 873-973 39.1 1 

inland Mine Subbi t  N2 723-823 12.0 2 

4% Na (as Na2C03) 723-823 11.0 2 
938-1223 16.1 2 

4% Na (as Na C03) 938-1223 15.4 2 

4% K (as  K2C03) 938-1223 13.6 2 
4% K (as  K2C83) 723-823 11.5 2 

PSOL-91 1023-1163 42.1 5 
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TIME. UlNUTD 
Figure 1. Uncdtllyzed I t e m  gar i f?cat ion  - carbon conversion I t  750'C. 

nuc  MINUTES 
Figure 2. K 2 C O j  Catalyzed I t e m  gasification-carbon conversion a t  750'C 
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Figure 3. Catalysis o f  Velva l i g n i t e  - steam gasif ication a t  750'C. 
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Catalysis of Indian Head l i g n i t e  - s t e m  gasif ication a t  750'C. 
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Figure 4. 
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W T I  x10000 
Figure 5 .  Arrhenius plots of the react iv i t ies  o f  catalyzed and 

uncatalyzed Indian Head coal char with steam. 
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Figure 6. Arrhenius plots of the react iv i t ies  of catalyzed and 

uncatalyled Velva coal char wlth stem. 
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Figure 7. Arrhenius plots o f  the redct iv i t ies  of c a t a l y a  and 
uncatalyzed wyodak coal char with steam. 
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